Instability waves, commonly called T-S waves, can be introduced in a laminar boundary layer by periodic heating of flush-mounted heating elements. Experiments have demonstrated that nearly complete cancellation of a T-S wave excited in this way can be achieved by using a second downstream heating element with a suitable phase shift. As one application of the technique, a single element together with a feedback loop activated by measured wall shear stress has been used to reduce the amplitude of naturally occurring laminar instability waves. A significant increase in the transition Reynolds number has been achieved.
Instability waves, commonly called T-S waves, can be introduced in a laminar boundary layer by periodic heating of flush-mounted heating elements. Experiments have demonstrated that nearly complete cancellation of a T-S wave excited in this way can be achieved by using a second downstream heating element with a suitable phase shift. As one application of the technique, a single element together with a feedback loop activated by measured wall shear stress has been used to reduce the amplitude of naturally occurring laminar instability waves. A significant increase in the transition Reynolds number has been achieved.
In the preceding paper (Liepmann, Brown & Nosenchuck 1982, hereinafter referred to as I), we have demonstrated the use of a new technique to excite laminar instability waves as a means for the study and possible control of boundary-layer transition.
The transition to turbulent motion proceeds in two steps: there is first a comparatively slow amplification of the essentially two-dimensional T-S waves, which is then followed by a rapid three-dimensional dynamic instability. Using the language of chemical kinetics, the first process is rate-controlling. We have succeeded in using active feedback control to reduce the wave amplitude and hence to delay transition.
The experiments were carried out with the apparatus and in the facility described in I. The distribution of the activating and shear-stress-measuring elements are shown in figure 1. The quadratic dependence of ohmic heating on the heating current usually leads to a doubling of the temperature-fluctuation frequency compared to the driving-current frequency. This was the case in the experiments reported in I.
The present set of experiments uses a digital function generator which permits a square-root-type voltage to be applied so that the temperature and current frequencies are the same. This modification is very helpful for the design of the feedback Figure 2 demonstrates the use of this technique in cancelling or reinforcing a deliberately excited T-S wave. A heating element, HO (at x = 2 in., corresponding to R, = 65000), excites the wave. A second element, H1 (x = 2.75 in., R, = 90000), can either reinforce or cancel the wave, depending on the relative phases of the driving voltages. Figure 2 shows the wall stress fluctuations measured at x = 8 in., R, = 250 000, 2 (a) with zero input, 2 (b) with input from HO only, 2 (c) with reinforcement, and 2 (d) with cancellation, using an input from H1 phased appropriately. Figures 2 (e, f) show the corresponding input voltages to the two heating elements. The almost-complete cancellation of the excited T-S wave is evident from a comparison of 2 ( b ) with 2 (d).
loop. All photos, 100 ms/div.
Note that the phase of the T-S wave a t the location of H1 differs from the phase a t HO by Ax fc, where Ax is the distance between HO and H1, and c is the wave velocity. The corresponding voltages, of course, have to reflect this fact. I n figure 2, it just happens that Ax is nearly eqyal to A, the wavelength of the T-S wave.
A few experiments were carried out with heating element H2 a t x = 4 in., a t R, = 130000. The results were the same, but of course Ax $; A. (a, b) . Similarly, transition is accelerated if the actuating strip is driven in the opposite phase relationship, as seen in figure 4 (c) . The corresponding transition Reynolds numbers are about 8 x lo5, 1.1 x lo6, and 5 x lo5, respectively.
These experiments demonstrate the possibility of using active control to delay (or accelerate) the transition to turbulence. This approach differs in an essential way from previous attempts to delay transition, which were based on modification of the
